Contamination of the environment by radionuclides is usually estimated using soil and grass sampling. However, radionuclides are often not homogeneously distributed in soils. In the alpine Mercantour region (Western Alps, France) a large heterogeneity in Chernobyl 137 Cs deposition has been previously observed. Sr contents are less variable in milk samples than in grass or soil samples. This can be attributed to the homogenization effect of cow vagrancy during grazing. Hence milk seems to be a more robust sample than soil or grass to evaluate the extent of contamination on a regional scale. We explore this idea by comparing own unpublished 90 Sr results and 90 Sr results from the literature to establish the relationship between altitude of grazing and contamination of soil and milk for Western Europe. There is a significant positive correlation between soil contamination and altitude and an even closer correlation between milk 90 Sr activity (A) and altitude (h): A = A 0 + e kAEh where A 0 is the expected activity of milk sampled at sea level (A 0 = 0.064 ± 0.014 Bq g
Introduction
A consequence of the increased precipitation that occurs on mountainous areas is the higher contamination of soils by global atmospheric radioactive fallout. In alpine ecosystems, differences in altitude, vegetation cover, local topography and soil properties result in large heterogeneity of the field distribution of contaminants (Lettner et al., 1999; Albers et al., 2000; Gastberger et al., 2000; Ulsh et al., 2000; Pourcelot et al., 2003) . The soils of these regions are characterized by a large variability in fission products (Cs isotopes, 90 Sr) and actinides (Pu isotopes, Am) inventories due to the accumulation of fallout from different episodes: Nuclear Weapons Tests (hereinafter NWT), SNAP Satellite burn up, Chernobyl fallout.
In the long term, the transfer of trace contaminants from the soil compartment to human food chains is controlled by their uptake by plants (Gastberger et al., 2000; Ehlken and 0045-6535/$ -see front matter Ó 2006 Elsevier Ltd. All rights reserved. doi:10.1016/j.chemosphere.2006.08.008 Kirchner, 2002; Schimmack et al., 2003) . Foliar absorption and surface adhesion of re-suspended contamination on leaves and stems should also be taken into account (Beresford et al., 2002; Malek et al., 2002) . Moreover, it is well known that radiocesium has a reduced availability for plant root uptake when strongly sorbed to clay minerals. These few examples already illustrate the complexity of the process.
Radionuclide transfer from soil-to-plant has often been characterized by the concentration ratio (CR), assuming a linear relationship between soil activity and plant activity. While the linear relationship is probably justified under similar environmental conditions it has been shown to be the exception rather than the rule in statistical treatment of published databases (Albers et al., 1998; Albers et al., 2000; Ehlken and Kirchner, 2002; Schimmack et al., 2003) . Thus, recent models to predict soil-to-plant transfer of radionuclides more and more incorporate soil chemical and physical properties, root zone radionuclide availability and soil/soil-solution interactions (Ehlken and Kirchner, 2002) . Moreover, Bundt et al. (2000) showed a heterogeneous distribution of 137 Cs and plutonium in the root zone of a forest soil due to the presence of preferential flow paths. Due to the more intense rooting along the preferential flow paths this phenomenon must be incorporated into soil-to-plant transfer models (Bundt et al., 2000) . Thus, site-specific parameterization tends to replace generic parameterization in models. The introduction of complexity into the modelling demands more complete field characterization. Amongst the parameters needed for complete radiological assessment, field heterogeneity is poorly documented.
A previous field study on the meadows of the Mercantour mountains (Western Alps, France) has shown significant variability in Chernobyl caesium in soil, while the repartition of nuclear weapons tests fallout is assumed to be more homogeneous. One important reason for this heterogeneity is fallout enrichment related to snow accumulation (Pourcelot et al., 2003) . The high variability at small (10 m) scale would require a large number of soil samples to accurately estimate large (km) scale deposition. It, therefore, may be questioned whether soil (or grass) samples are appropriate indicators for average contamination over a larger area.
In this paper a new approach to the environmental survey of uplands areas contaminated by atmospheric deposition is proposed. Based on the here presented results of the heterogeneous Mercantour site we suggest that milk (and cheese) samples are a more robust indicator of radioisotope contamination than are soil or grass samples. This is due to the fact that a cow covers large surface during grazing and by that the contamination of its milk is averaged out. Here, 137 Cs and 90 Sr in milk and 90 Sr in cheese will be compared to the corresponding soil and grass samples and will be used to characterize the level of deposition in the Mercantour area. We then further test the 'robustness' of milk samples using a larger data set including own unpublished 90 Sr data and literature data from Western Europe.
Experimental methods

Investigated area
The investigated area and its soils have already been described in Pourcelot et al. (2003) . It is located in the Mercantour Massif (southern part of the Western Alps in France), around the pass of the Col de la Lombarde (altitude 2350 m above sea level) approximately 80 km north of Nice (France). In this area, meadow, pine forests, and scree areas each represent one third of the catchment area (27 km 2 ). The vegetative period begins after snow thaw, generally at the beginning of May, and lasts till October. During this period, cowherds graze the grass extensively. Two farmsSt. Anna (N) and Isola2000 (S) -manufacture cheese from their own farm-produced milk. The St. Anna (N) farm lies ca. 1 km to the north of the pass at an altitude of 2200 m, while the Isola2000 (S) farm lies ca. 1 km to the south of the pass at an altitude of 2000 m. Although the cows probably graze more often in the vicinity of ''their'' farm, the cows of the two farms were not strictly kept at either side of the pass. At the Isola2000 (S) farm, in addition to meadow grass, cows are fed with corn flour, whereas cows from the St. Anna (N) farm do not get any additional food.
Sampling strategy
Soil and grass sampling are focused on a small grazing parcel (surface = 2125 m 2 ) located at the south of the ''Col de la Lombarde'' pass. Pourcelot et al. (2003) demonstrated a high variability of radiocesium deposition within this study plot. Their soil contamination mapping (using a portable NaI detector) identified an 'enriched area' that covers only about 6% of the study plot but contains half of the Cs inventory. The surface activity of the enriched area may exceed 100 000 Bq m À2 . The remaining larger part of the study plot exhibits activities of around 10 000 Bq m À2 . It is hereinafter referred to as 'background area'.
Before litter and soil sampling, grass covering one square meter surface was cut on each site. Then litter and soil samples were collected from a 400 cm 2 square surface area. Soil samples were cleaned from roots and pebbles and dried at 105°C before sieving. Litter samples were sieved to separate coarse (>2 mm) and fine litter fractions (<2 mm). Soil samples were also dry-sieved to separate coarse (>2 mm), medium (2-0.2 mm) and fine soil fractions (0.2-0.05 mm). Soil and grass samples were dried and crushed prior to analyses.
In addition to the previous samples, for the present study each summer between 1999 and 2003, 5 l milk and 3 kg cheese were collected in the two farms. At the same time, the fresh pasture grass covering a surface area of 1 m 2 was cut.
Radioisotope analysis
Gamma spectrometry analyses were performed on volumes of 17 ml for the dried soil and grass samples and 60 ml for milk and cheese ashes, using high-purity germanium detectors (Ortec GMX) and multichannel analysers (Ortec 752, Silena 7411 S), to determine the 137 Cs and 40 K activities (Bouisset and Calmet, 1997) .
The samples were ashed at 550°C for 24 h prior to microwave leaching (5 g of soil, milk, grass or cheese ash) in 50 ml HNO 3 8 M (Milestone ultraclave, 170°C, 140 bar, 30 min).
90 Sr was determined in the soil, grass, milk and cheese samples using the method described in Froidevaux et al. (2002) . Calcium was determined by atomic absorption (Perkin-Elmer 4100). Following Currie (1995) the detection limits for 90 Sr are 0.5 Bq kg À1 for soil, 0.1 Bq kg À1 for grass and 5 mBq g À1 Ca for dairy products. For plutonium analysis, the soil ashes (5 g) were spiked with 242 Pu prior to microwave leaching. Plutonium was then co-precipitated from the acidic solution with calcium oxalate at pH 1.5. The oxalates were wet ashed in concentrated nitric acid (20 ml) in the microwave apparatus at 190°C and 160 bars for 35 min. After dilution to about 8 M in nitric acid the solutions were pumped on an anionic exchanger (AG 1 · 8, 10 ml). The plutonium was eluted from the exchanger with a hydroxylamine solution (50 ml) and purified from thorium and uranium on a smaller column (AG 1 · 8, 2 ml) by rinsing the column with concentrated hydrochloric acid (40 ml) and HNO 3 4 M (30 ml). The plutonium was electrodeposited on a stainless steel disc from a sulphate buffer at 1.2 A during 75 min. Alpha spectra were recorded on a Canberra Alpha Analyst spectrometer with PIPS detectors. The detection limit is 1.0 mBq kg À1 dry weight. The results are expressed in Bq kg À1 dry weight for soil, grass and cheese and in Bq l À1 for milk. For the dairy products the 90 Sr activities are also normalized to the calcium content of the sample.
The 90 Sr deposition of the additional Swiss samples cited as 'unpublished' in Table 3 were sampled between 1992 and 2003 and analysed in the same laboratory as the Mercantour samples (GSE-laboratory of IRA). The samples were obtained by core sampling to a depth of at least 20 cm and analysed using the method described in Geering et al. (1990) . Soils from NE France in the Vosges (Aubure) and Jura (Boissia, Les Rousses and Bellefontaine) mountains were sampled to a depth exceeding 20 cm between 2001 and 2005. 90 Sr analysis of these soils were carried out by successive precipitation of hydroxide, oxalate and, after an ingrowth period of 15 days, Y(OH) 3 scavenging to isolate 90 Y. The activity of 90 Y is subsequently determined in a proportional counter.
90 Sr activities were corrected to the 15 June 2004.
Results and discussion
Soils
The soil data from the Mercantour region are summarized in Table 1 . As discussed by Pourcelot et al. (2003) there is a large variation in 137 Cs activity, which is mainly of Chernobyl origin. The 137 Cs activity increases along the gradient of increasing field activity PNM10 < PNM12 < PNM14. It is higher in the litter than in the underlying soil (up to 10 times) and it is higher in the finest fraction (up to ca. 2 times) for both, the litter samples and the soil samples.
The data of nuclear weapons tests fallout of Cs and 241 Am reported by Pourcelot et al. (2003) as well as the Pu and 90 Sr data reported here show that these older contaminations are less heterogeneously distributed. For Pu a gradient from background area PNM10 to enriched areas PNM12 and PNM14 is still apparent, but for 90 Sr an important enrichment is not observed. Moreover, the results of the different granulometric fractions measured on PNM12 suggest that 4.6 ± 0.8 160 ± 7 18 ± 1 11.5 ± 0.4 0.32 ± 0.02 0.028 ± 0.002 10-4 2-5 Soil 2-0.2 52 193 ± 13 0.6 ± 0.3 86 ± 5 3.9 ± 0.5 3.5 ± 0.1 0.08 ± 0.01 0.023 ± 0.003 11 Grass 1480 ± 100 2.6 ± 0. Pu and Sr are rather homogeneously distributed over the different size fractions (Table 1) . The 137 Cs, plutonium and 90 Sr inventories highlight the differences between the studied radionuclides ( Table 2) . Radiostrontium inventory varies by a factor of approximately two. The Plutonium inventory is almost five times higher in the enriched site than in the background site. For the NWT-Cs this difference is one order of magnitude. The largest differences (two orders of magnitudes) are observed for Chernobyl-Cs, which is a consequence of local redistribution of radionuclides induced by snowdrifts and runoff effects (Pourcelot et al., 2003) . Although 90 Sr has the same source as plutonium and 137 Cs NWT its soil inventory is less variable. This can be attributed to the higher mobility of Sr in the studied environment. The transfer from the soil to the grass of alpine pastures, e.g., is one to two orders of magnitude higher for 90 Sr than for 137 Cs (Gastberger et al., 2000) . Thus, the higher mobility may account for the field redistribution of atmospheric fallout in the years following 90 Sr deposition. A further consequence of the higher mobility of 90 Sr with respect to 137 Cs and plutonium is a larger vertical 90 Sr migration in the soil (Baeza et al., 1999; Bunzl et al., 2000; Gastberger et al., 2000) . This may lead to a loss of 90 Sr from the soil profile, especially in conjunction with the low thickness of the Mercantour soil. However, the highest of the here reported inventories is close to a value measured on a 30 cm deep peat profile from the same region (Pourcelot, unpublished results) .
With respect to large scale distribution of atmospheric fallout previous studies reported a correlation between the mean annual rainfall and soil 137 Cs or Pu inventories (Mitchell et al., 1990; Hölgye and Filgas, 1995; Wright et al., 1999) . Touazi et al. (2004) showed that parameters such as location of pluviometer and especially altitude explain 67% of the variance when mapping mean precipitation amount. In Western Europe increasing precipitation is correlated with altitude when clouds are forced to pass over mountain chains such as the Alps, the Pyrenees, or the Jura Mountains. In addition to rain, dry deposition and snow deposition may also be increasing with altitude. In some cases dry deposition could explain the fact that a higher soil inventory was found than expected from the precipitation rate. An example is the site of Davos (Table 3 ) with a high inventory of 2140 Bq m À2 and a comparatively low precipitation of 1055 mm. Perhaps the interception of dry air mass by the mountains might be responsible of such a high deposition. A positive correlation between altitude and soil Cs NWT PNM10 86 ± 5 1700 ± 114 3000 ± 720 4000 ± 850 PNM12 145 ± 7 1100 ± 52 48 000 ± 9000 17 000 ± 10 000 PNM14 397 ± 17 2465 ± 142 240 000 ± 37 000 53 000 ± 41 000 (Baeza et al., 1999; Jia et al., 1999; Gastberger et al., 2000; Schimmack et al., 2003; Hölgye et al., 2004) . Only recent data were taken into account and attention was paid to the soil thickness (larger than 20 cm) to reduce 90 Sr migration effect on soil inventory (Table 3) . When several inventories are reported for one location we reported the highest one in Table 3 and Fig. 1 . The precipitation rates are not always known for these sampling sites and thus the correlation between mean rain amount and soil inventory cannot be established. However, the data clearly evidence a correlation between altitude and soil inventory ( Fig. 1a and b) .
A good portion of the scatter in Fig. 1a is likely due to the large heterogeneity of soil Sr-inventories of field study sites (on a 10's of m scale), which are due to varying degree of deposition and of Sr loss from the soil profile. The relationship between altitude and 90 Sr deposition shown in Fig. 1b seems to be reasonably constraint for the samples from Switzerland (CH, Table 3 ). The samples from France (F) and Italy (I) show a similar trend, however, the Mercantour soil (2350 m) exhibits lower activity (2465 Bq m À2 ) compared to the reported trend. Possibly this is due to the loss of 90 Sr in low thickness Mecantour profiles. The samples from Austria (A) and Germany (D), however, show no clear trend with altitude and comparatively high inventories.
We might combine the relationship between the inventory and the altitude as depicted in Fig. 1a with the hypsographic curve of a region in order to estimate the deposition at a larger scale. Table 4 shows the result of this exercise for Switzerland. The linear interpolation of the data points from Switzerland (Fig. 1b) gives: A = À173(±547) + 1.64(±0.5) altitude; where A is the soil inventory (in Bq m À2 ). With that we obtain a total 90 Srinventory of 75 TBq. As shown in Table 4 
Grass contamination and soil-to-vegetation-transfer
The results of grass contamination by 137 Cs and 90 Sr are displayed in Table 5 . The variability of 137 Cs grass contamination is large (see boxplot in Fig. 2 ). Heterogeneity still exists for 90 Sr activities, but the 90 Sr content of grass is more homogeneous than the 137 Cs content (percentile 90 at 2.5 times the mean against six times the mean for 137 Cs in grass, Fig. 2 ). According to several papers, the grass variability in a single site is usually one order of magnitude for 90 Sr and two orders of magnitude for 137 Cs Bunzl et al., 2000; Gastberger et al., 2000; Schimmack et al., 2003) .
For the present study the large variability of radiocesium contamination of the grass partly reflects the high soil variability. However, the fact that Cs in the grass is even more variable than in the soil cannot be explained by a simple linear root uptake model. A possible explanation is the adherence of soil particles to vegetation, which may increase the grass activity by a factor of two (Beresford and Howard, 1991) . Such a contamination pattern results from the low plant cover, the trampling by the cattle and raindrop splash effect . Ash content can be used to trace such contaminations (Malek et al., 2002) . In the present study, the ash content in the grass samples is very variable (4.1-30%) but no clear correlation exists between ash content and Cs activities.
In soil-plant systems the behaviour of alkaline and alkaline-earth trace elements (e.g. Cs and Sr) is dominated by competitive interaction with the corresponding major ions Ehlken and Kirchner, 2002; Yoshida et al., 2004 where Ca and Sr refer to the bioavailable form of the element, and the factor f accounts for a preferential uptake. The Sr/Ca ratios (or in analogy the Cs/K ratios) of a soil can be viewed as a transfer potential. The higher (Sr/Ca) soil is, the higher the corresponding (Sr/Ca) vegetation should be. However, such a correlation is not apparent from the present data set.
Milk and cheese contamination
The results of milk and cheese activities in 137 Cs and 90 Sr are displayed in Table 5 . Compared to soil and grass the activities of the radioisotopes are clearly less variable in the milk samples (for 90 Sr percentile 90 at 1.4 time the mean, Fig. 2 ). The cheese samples show a higher variability for 90 Sr, which is due to several ''outliers'', i.e. cheese produced from winter-milk, where cows were fed differently (see below).
Strontium uptake by ruminants is influenced by the Ca uptake in a way that the Sr/Ca ratio in the milk is proportional to the Sr/Ca ratio in the intake (e.g. Beresford et al., 1998) . Then the Sr content of milk is determined by its Sr/ Ca ratio and the homeostatically controlled Ca requirement of 1.1 g Ca l À1 . Geering et al. (1990) further showed that 90 Sr follows calcium from milk to cheese by the precipitation of the casein. We may assume that a similar dependence exists between Cs uptake and K uptake; the homeostatically controlled potassium content being 1.6 g K l À1 (i.e. 50 Bq l À1 40 K) in cow milk. When passing from milk to cheese there is a 137 Cs decontamination, which is evidenced by the low 137 Cs activity in cheese compared to milk (Table  5) . About 10 l of milk are necessary to make 1 kg of cheese, which means that the decontamination factor of 137 Cs by cheese making is about 15, based on the average values of Table 5 . Froidevaux et al. (2004) found a decontamination factor of 20 for 40 K, an element analogous to caesium, by cheese making.
Sr is expected to be transferred to cheese together with Ca and the Sr/Ca ratios (given in Bq g Ca À1 ) are indeed very similar in milk and in cheese. However, four cheese samples show a tenfold decrease in 90 Sr activity compared to other dairy products in which 90 Sr activity is close to 0.5 Bq g À1 Ca (Table 5) . After an inquiry with the producer it became apparent that cow fodder can be supplied by maize and lowland forage during winter months. It is possible that the cheese samples collected in June came from a batch of winter cheese production, when the cows were not fed with the Mercantour grass. This situation does not show up in the milk samples that were taken by milking the cows directly on the field on which the herd was grazing. This findings highlight the potential of using 90 Sr activities in dairy products to trace their origin, especially for mountain cheeses, for which stringent production procedures are required in order to be awarded an 'appellation of origin'. In many cases, cheese production period is limited to the outdoor grazing period (Pillonel et al., 2003) .
Any mixing of upland milk with lowland milk would be rather easily detected by a 90 Sr analysis.
3.4. Relationship between the 90 Sr activity of dairy products and the altitude of grazing Due to the above discussed high variability of soil inventories measured on a single site (this study and cited references), a soil (or grass) sampling strategy does not seem ideal in environmental monitoring, especially when assessing large scale distribution patterns of radioactive fallout. We propose that contamination could be better estimated using diary product data, which represent homogenized values due to the vagrancy of the cows. Adapting Eq. (1) describing the soil-to-grass transfer, we may write the following equation for the soil-to-milk transfer:
where f 0 summarizes the preferential transfer from soil to plant and from plant to milk (i.e. Beresford's, 1998, OM factor) and Ca refers to the bioavailable forms of the element. Admitting that global fallout in Western Europe depends on the altitude of a site (see Fig. 1 ) it follows from the above equation that 90 Sr in mountain dairy products should also depend on the altitude of grazing of the cows. Fig. 3 is a diagram of 90 Sr/Ca in dairy products as a function of altitude of grazing with the results obtained in this study as well as data from other published works (Geering et al., 1997; Gastberger et al., 2000; Froidevaux et al., 2004) or data from IRSN database. When the calcium content of milk was not known, a value of 1.1 ± 0.1 g Ca l À1 of milk was used for calculation, based on an average value determined for 78 milk samples from Switzerland (Swiss Alps, Swiss lowland and Swiss Jura), between 1999 and 2003 (Froidevaux, unpublished results) .
The altitude can be considered a proxy for total deposition but not for the Sr/Ca ratio of the soil. By simply plotting (Sr/Ca) milk versus altitude -instead of (Sr/Ca) soil -we ignore the differences in bioavailable Ca soil , which, unfortunately, is not available for most of the studies. The fact that we still observe a good correlation may suggest that the variations of bioavailable Ca soil are of minor importance. Another point to mention is that apart from deposition other factors may be responsible for the increase of Sr-inventories with altitude. There may be physical and chemical features of uplands soils that make 90 Sr and 137 Cs more abundant in the top layer of the soil (e.g. Gastberger et al., 2000) and contribute to the observed trend.
Even if it only approximately represents the above soilto-milk transfer model (Eq. (2)) the positive correlation between the altitude of grazing and 90 Sr activities is convincing and is confirmed by fitting the data to the following equation:
where A 0 is the expected activity of milk sampled at sea level and h is the altitude of grazing, k being a constant.
The parameters of best fit are A 0 = 0.064 ± 0. This here-established relationship suggests that milk (and in the case of 90 Sr also cheese samples) are more robust indicators of large-scale contamination than soil or grass samples. Due to the high heterogeneity of the soil and grass contamination by 90 Sr and 137 Cs, it is questionable whether these compartments are well suited for the environmental survey of uplands. In our opinion, milk -a readily available and easy to handle sample -is most useful to evaluate the extent of the environmental contamination by 90 Sr and 137 Cs fallout on a regional scale. Thus a sampling strategy aimed at evaluating the contamination of the environment should -if possible -focus on this particular sample.
Conclusions
The study of 137 Cs, 90 Sr and
239+240
Pu deposition in soil samples of a field site in the Western Alps (France) evidences large heterogeneity within a small area, confirming the difficulty to correctly estimate soil contamination of mountainous regions. This heterogeneity is still observed for 137 Cs and 90 Sr in grass. Although factors such as soil adherence to grass and competitive interaction between fission product and some major cations (e.g. Ca and K) partly explain the variability of grass activities, it seems that the heterogeneity observed for this compartment mostly mirrors that of the soil. 
